In this paper, we have experimentally demonstrated the transmission of the 4096-quadrature amplitude modulation (4096-QAM)-encoded optical orthogonal frequency division multiplexing (OFDM) signals in a low-cost directly modulated laser (DML)-based intensity-modulated and direct-detection (IMDD) optical communication system. To the best of our knowledge, it is the first time the highest QAM and fast fourier transform (FFT) size efficient OFDM signal with a spectral efficiency up to 9.5 bit/s/Hz transmissions over a DML-based IMDD system has been reported. The experimental results show that the 4096-QAM OFDM signal can be successfully transmitted over 10-km standard single-mode fiber (SSMF) with a bit error rate (BER) below the 20% overhead soft-decision forward error correction threshold (SD-FEC). It also shows that the FFT-size efficient optical 4096-QAM OFDM has the same BER performance as the conventional one. Moreover, the effect of laser phase noise (or linewidth) on the transmission performance of the FFT-size efficient 100G 4096-QAM-OFDM is also investigated by numerical simulation. The simulation shows that the optical 100G OFDM signals generated by 10G DML with a linewidth of 20 MHz can be successfully transmitted over 2 km SSMF with the BER under the SD-FEC threshold of 2.4 × 10 -2 .
Introduction
Intensity-modulated and direct-detection optical orthogonal frequency division multiplexing (IMDD-OOFDM) has been widely considered as a promising technology for short-reach and high-speed optical communication applications, such as interconnections in data centers [1] and optical access networks [2] , due to its inherently simple and low-cost structure compared with coherent optical OFDM, and higher spectral efficiency (SE), in comparison to the traditional on-off keying modulation. The use of the high-level quadrature amplitude modulation (QAM) is an alternative way to achieve higher data rate in the bandwidth-limited IMDD-OOFDM systems. Meanwhile, by using high-level QAM modulation, the low-cost optoelectronic devices, such as electro-absorption modulated lasers (EMLs) [3] - [4] or directly modulated lasers (DMLs) [5] can be employed to enhance its cost-effectiveness. Recently, several high-level QAM encoded optical OFDM signals have been experimentally demonstrated in IMDD optical communication systems [5] - [8] . In the coherent optical OFDM (CO-OFDM) systems, the laser phase noise (or linewidth) induced inter-carrier interference (ICI) seriously degrade the system performance. Thus, the lasers with narrow linewidth are required for both the transmitter and the receiver to generate and receive the high-level QAM-encoded OFDM signals. However, the ICI induced by the phase noise and frequency offset in the IMDD-OOFDM system can be ignored as the OFDM subcarriers and optical carriers are highly correlated for short-range fiber transmission [7] .
However, the OFDM signal modulated with high-level QAM formats are very sensitive to the quantitation noises of digital-to-analog converters (DACs) and analog-to-digital converters (ADCs). Typically, the vertical resolution of the commercial high-speed digital storage oscilloscopes (DSO) is only 8-bit [7] , where the effective number of bits (ENOB) is about 6.5 or even lower. For example, to achieve the bit error rate (BER) of 1 × 10 −2 for 4096-QAM, the required signal-to-noise ratio (SNR) is about 37-dB [8] , which corresponds to the error vector magnitude (EVM) of -37-dB [9] . As a result, the ENOB of DAC/ADC should be at least 7 when the OFDM signal is clipped at the optimal digital clipping level [10] . Therefore, the biggest challenge for achieving the high-level QAM-encoded DDO-OFDM is the limited vertical resolution of high-speed ADC. Additionally, higher DAC/ADC vertical resolutions (or ENOB) can be achieved by using oversampling [11] . As far as we know, 2048-QAM is the highest modulation format reported in the 20-km large effective area fiber (LEAF)-based IMDD-OOFDM system [7] . The input vector of inverse fast Fourier transform (IFFT) is constrained to have Hermitian symmetry (HS) to generate the real-valued OFDM signal. In such systems (Here, we called it as the conventional DDO-OFDM), only half of subcarriers can be used to carry data. It means that 2N-point IFFT and fast Fourier transform (FFT) should be performed if N QAM-mapped symbols are required to transmit in OFDM symbol duration. This results in larger onchip resources overhead and higher power consumption in the high-speed real-time optical OFDM systems [12] . To address this problem, an FFT-size efficient OFDM scheme has been proposed and studied by numerical simulation [13] as well as experimentally investigated in [14] , respectively. Compared with conventional DDO-OFDM scheme, the FFT-size efficient scheme can be applied to reduce the complexity and power consumption.
In this paper, the 10G FFT-size efficient and pre-equalized 4096-QAM-OFDM signal is first experimentally investigated in a low-cost DML and standard single-mode fiber (SSMF) based IMDD transmission system. The key features include: (1) the DAC and ADC with 10-bit vertical resolutions combined with time-domain oversampling, are used to generate and capture the highquality of 4096-QAM signals, (2) the large-size IFFT/FFT is employed to enhance its resistance to inter-symbol interference (ISI) [7] , and (3) intra-symbol frequency averaging (ISFA) method [15] is used to obtain the accurate channel estimation. To the best of our knowledge, this is the first time to demonstrate the highest QAM optical OFDM with the FFT-size efficient scheme for short-reach applications. Moreover, the effects of laser phase noise on the 100 G 4096-QAM-OFDM signals generated by 10 G-class optical components in a cost-effective manner are also investigated by numerical simulation.
Principle of FFT-Size Efficient DDO-OFDM
The detailed digital signal processing (DSP) of the conventional OFDM and the FFT-size efficient OFDM is shown in Fig. 1(a) and (b), respectively. As shown in Fig. 1(b) , at the transmitter, a certain length of pseudo-random binary sequence (PRBS) is first generated for QAM mapping. After pre-equalization, N-point complex-valued IFFT is performed, and the time-domain complex-valued samples can be generated and expressed as where X (k) represents the kth QAM-mapped symbol, F −1 [•] represents the N-point IFFT operation, and x R (n) and x I (n) represent the real part and the imaginary part of the complex-valued sample x(n), respectively. After adding cyclic prefix (CP) with a length of L, the complex-valued samples can be expressed as
The real parts x CP,R (n) of the N + L complex-valued samples are first transmitted and followed by the N + L imaginary parts x CP,I (n). Therefore, the FFT-size efficient real-valued OFDM symbol can be given by
After the optical fiber transmission, the received signal is expressed as
where h is the channel impulse response, and m(l) represents the noise sequence. The operator * represents the convolution operation. At the receiver, the recombined complex-valued samples after symbol timing synchronization can be written aŝ
The L-point CP removed OFDM signal are given aŝ
Therefore, the received frequency-domain symbol after N-point FFT operation is given by
where
is the frequency response, andM (k) represents the noise in frequency-domain. From (7), the frequency response in FFT-size efficient DDO-OFDM has a similar form as that of the conventional HS-based DDO-OFDM. Therefore, the simple onetap channel equalization in conventional OFDM can also be used in FFT-size efficient OFDM. The receiver DSP algorithms include TS-based timing synchronization, complex-valued sample recombination (only for the FFT-size efficient OFDM), CP removal, 2N or N-point FFT, TS-based estimation incorporating with ISFA, single-tap channel equalization, and 4096-QAM de-mapping. Additionally, the formula used to calculate the bandwidth of the FFT-size efficient OFDM signal and conventional DDO-OFDM signal can be defined as where N D SC and N SC are the number of data-carrying subcarriers (SCs) and total SCs, respectively, and R S is the OFDM sample rate. K = 1 and K = 2 for conventional DDO-OFDM and FFT-size efficient OFDM systems, respectively. The net data rate is given by
where M is the order of QAM modulation, N S is the number of the OFDM symbols in an OFDM frame, N TS is the length of the TS, N CP is the length of the cyclic prefix, and OH is the FEC overhead.
Experimental Setup
The experimental setup is illustrated in Fig. 2 . At the transmitter, the DSP, as shown in Fig. 1(a) and (b), includes pseudo random binary sequence (PRBS) generation, 4096-QAM mapping, preequalization, HS (only for the conventional DDO-OFDM), 2N or N-point IFFT operation, CP addition, digital clipping at a clipping level of 13.2 dB [10] and training sequence (TS) insertion. The generated digital OFDM samples are time-domain oversampled by a factor of 4, and then loaded into an arbitrary-waveform generator (AWG, Tektronix AWG7122C) equipped with a 10-bit DAC operating at 10-GSa/s. The converted baseband OFDM signal with a peak-to-peak voltage (Vpp) of 220 mV is first boosted up to ∼1.8 Vpp, by a 4-GHz electrical amplifier (EA), and then used to drive a 10-Gb/s distributed feedback laser (DFB) based DML (NEL NTT NLK1551SSC), with 3-dB bandwidth of ∼20-GHz, α-parameter of 2.7 and linewidth of 25-MHz, respectively. The double-sideband optical OFDM signal with a power of 3.1 dBm generated from the DML is directly coupled into 10-km SSMF.
At the receiver, a variable optical attenuator (VOA) is adopted for controlling the received optical power (ROP). A 9:1 coupler is used to divide the optical signal into two parts, 10% power of the received signal is measured by a power meter, while another optical signal is sent to a 10-GHz photo-detector (PD) to realize photo-to-electrical (O/E) conversion. The receiver sensitivity of the applied PD in the experiments is -18 dBm corresponding to 10 Gb/s non-return-to-zero data at a BER of 1 × 10 −10 . The directly detected signal is captured by a 5-GS/s 10-bit ADC combined with a Xilinx FPGA evaluation board VC707. The ENOBs of the ADC card are 7.88 @ 160 MHz, 6.98 @ 1.2 GHz, and 6.46 @ 2.2 GHz [16] . Subsequently, the captured samples are uploaded to a personal computer (PC) for further off-line DSP processing in MATLAB. Some key parameters for the two types of OFDM signal are given in Table 1 .
According to Table 1 , the applied FFT size is 2048 in the conventional OFDM, the CP length is 32 and 800 data-carrying SCs are located on the indices from 39 to 841 excluding the indices of 128, 256 and 512. These three SCs are filled with zeros due to the ADC clock noises, and the reason has been discussed in our previous works [16] . Direct current (DC) SC, 38 low-frequency SCs, 182 high-frequency SCs, and Nyquist SC are set to zero. The 1023 negative-frequency SCs are the complex conjugate of that of the corresponding positive-frequency SCs for a real-valued signal generation. In addition, a conventional OFDM frame consists of 2080-point TS and 80 data-carrying OFDM symbols.
In the FFT-size efficient OFDM, the FFT size is 1024, where 800 of 1024 SCs, with the indices from −421 to −19 and 19 to 421 excluding the indices of 64, 128, 256, -256, -128, and -64, are modulated with 4096-QAM symbols. These six SCs are also filled with zeros also due to the ADC clock noises. According to (8) and (9), the bandwidths for both the conventional OFDM signal and the FFT-size efficient OFDM signal are approximately as 1 GHz. The net data rate is 9.5-Gb/s after excluding CP, TS and 20% FEC overheads. So the SE of the FFT-size efficient OFDM signal is 9.5-bit/s/Hz, which is identical to that of the conventional OFDM signal. It should be noted that the electrical bandwidth of the generated 9.5-Gb/s OFDM signal is close to 1GHz, which is much smaller than that of channel limited by 4-GHz EA. However, the spectrum of the OFDM signal has small out-of-band power due to the applied large-size IFFT/FFT [7] . We believe that the 9.5-Gb/s 4096-QAM OFDM signal can be transmitted with ∼1 GHz available channel bandwidth.
In our experiments, to make the BER performance of FFT-size efficient 4096QAM-encoded OFDM better, we use large-size, 1024-point, IFFT/FFT to resist ISI due to the limited bandwidth of electrical and optical devices and optimal ISFA taps to obtain accurate channel response. In addition, time-domain oversampling is also performed to improve SNRs of both the generated and captured OFDM signals by DAC and ADC, [11] .
Experiment Results and Discussions
After 10-km SSMF transmission, the power spectra of the FFT-size efficient OFDM signals without and with pre-equalization are shown in Fig. 3(a) and (b) , respectively. It shows that there is a peak in each spectrum at the frequency of 1.25 GHz due to the ADC clock noise, as mentioned in Section 3.
The measured EVM performances of the pre-equalized FFT-size efficient OFDM signal as a function of SC index for electrical back-to-back (eB2B) case and post 10-km SSMF transmission, are presented in Fig. 4(a) and (b) , respectively. In eB2B case, the EVM performance is improved by using pre-equalization on the high-frequency SCs, while the bad EVM performance on the lowfrequency SCs is mainly caused by the imperfect response of the applied AWG. After 10-km SSMF transmission, the degradation of EVM performance is occurred on the low-frequency SCs, which is mainly attributed to the signal-tol-signal mixing interference (SSMI) [5] . Additionally, the 4096-QAM constellation diagrams for eB2B and post SMF transmission are shown in Fig. 4(c) and (d) , and the The optical spectra (0.01 nm resolution) before and after 10-km SSMF transmission at an ROP of −1 dBm are also measured and shown in Fig. 5(a) and (b) , respectively. The optical spectrum at optical back-to-back (OBTB) is very similar to that after the short-reach SSMF transmission. After 10-km SSMF transmission, the off-line measured BER performance as a function of ROP is shown in Fig. 5(c) . It shows that the receiver sensitivity of the pre-equalized and the ISFA enabled OFDM systems can be improved by 1 dB when the BER equals to SD-FEC limit 2.4 × 10 −2 . Meanwhile, it also indicates that the FFT-size efficient OFDM has a similar BER performance as the conventional one.
To scale the FFT-size efficient 4096-QAM OFDM with the 10G DML to 100-Gb/s per wavelength, in addition to the ENOB requirements of DAC and ADC, as mentioned in the Introduction, the transmission bandwidth will be limited by the fiber dispersions. The received OFDM subcarrier power is proportional to (1 + α 2 ) cos 2 (πλ 2 D L f 2 /c + arctan(α)) according to [17] , where α is the laser chirp parameter, λ is the operating wavelength, D is the optical fiber dispersion coefficient, L is the optical fiber length, f is the frequency of the received signal, and c is the speed of light with 3 × 10 8 m/s. Therefore, the 3-dB bandwidth of the system can be determined by (1 + α 2 ) cos 2 (πλ 2 D Lf 2 3dB /c + arctan(α)) = 1/2, and the first null point of the frequency response,f null , can also be estimated by the equality of πλ 2 D Lf 2 null /c + arctan(α) = π/2. In our experiments, α = 2.7, λ = 1559.71nm, D = 17 ps/nm/km, and L = 10 km, and therefore, the f 3dB and f null are only 4.96 GHz and 9.05 GHz, respectively. If the SSMF is replaced by LAEF with the dispersion coefficient of 4 ps/nm/km [7] , then the f 3dB and f null can be increased up to 10.23 GHz and 18.66 GHz, respectively. In this way, the transmission bandwidth requirement can be fully met to achieve 100-Gb/s 4096-QAM-OFDM transmission over 10-km fiber.
Simulation Setup, Results, and Discussions
To assess the transmission performance of the 100G 4096-QAM FFT/IFFT size OFDM signal, a numerical simulation is performed, and the simulation setup, is similar to experimental setup, as shown in Fig. 6 . It should be pointed out that the OFDM parameters and off-line DSP algorithms are the same as the experiment. The other parameters are listed in Table II . The data rate, excluding the overheads of TS and CP, for the FFT-size efficient OFDM signal, is 114.0 Gb/s ((800 × 12 × 80)/(2 × 81 × 1040/(100/4)) 114.0 Gb/s). The net data rate for FFT-size efficient OFDM, excluding overheads of TS, CP and 7% HD-FEC (20% SD-FEC), is 106.5 Gb/s (95 Gb/s). In the simulation, both the 10-bit DAC and 8-bit ADC operate at 25 GS/s without time-domain oversampling. The roll-off effect of DAC for the converted OFDM signal is emulated. The high-frequency images of the converted signal are filtered by a 13 GHz low pass filter (LPF) and attenuated by an electrical attenuator. A bias current of 80 mA and the attenuated signal are combined to drive a 10G DML. The α parameter of the DML is set to 2.7, which is the same as the DML employed in the experiment. The laser linewidth is chosen from 0 to 40 MHz in order to study its impacts on the transmission performance of the 100G 4096-QAM-OFDM signals. The intensity-modulated OFDM signal is attenuated to 6 dBm and coupled into a span of SSMF. At the receiver side, the received optical signal is fixed at 2.6 dBm with the second VOA and directly detected by a PD. The DC component of the PD outputted signal is removed by a DC block. Finally, the samples captured by the ADC are processed by off-line DSP approaches. Fig. 7 (a) and (b) show the BER and EVM performance of 25 GS/s FFT-size efficient OFDM signal for different fiber length under different laser linewidth, respectively. The BER and EVM performance are degraded as the fiber length increase due to the increased power fading and intensity noise. As we know, laser phase noise can be converted to intensity noise due to the fiber chromatic dispersion in an IMDD system, and the conversion noise power of the optical receiver will increase rapidly for an increase in fiber dispersion [18] . Therefore, the linewidth of the laser is another key factor for the broadband and high-level QAM-encoded OFDM. The results show that the FFT-size efficient 4096-QAM OFDM signal could be transmitted with the net data rate of 95 Gb/s (106.5 Gb/s) over a 4.5 km (2.5 km) SSMF with the linewidth less than 1 MHz and the BER under HD-FEC limitation of 3.8 × 10 −3 . When the BER of 100G 4096-QAM-OFDM signal after 2 km SSMF transmission is lower the SD-FEC threshold of 2.4 × 10 −2 , the linewidth of the DML should be less than 30 MHz. To verify the impact of the limited channel bandwidth on the transmission performance of the 100G OFDM signal, we employed an ideal rectangle LPF with a bandwidth close to the 100G 4096-QAM OFDM signal to replace the 13-GHz Butterworth LPF. When the linewidth of the DML is 1-MHz, the BER of the 100G 4096-QAM FFT/IFFT size OFDM signal after 2-km SSMF transmission is 2.9 × 10 −3 , which is approximately equal to that of the 13-GHz Butterworth LPF case (2.6 × 10 −3 ). Therefore, the required channel bandwidth is close to that of the transmitted OFDM signal.
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Conclusion
We have experimentally demonstrated, for the first time, the transmission of 4096-QAM OFDM signal with an SE up to 9.5 bit/s/Hz in a DML-based IMDD system. Meanwhile, the BER performance comparison between the conventional OFDM signal and the FFT-size efficient OFDM signal with pre-equalization and ISFA-enhanced channel estimation was performed to enhance the BER performance. The experiment results showed that the FFT-size efficient 4096-QAM OFDM signal has a similar BER performance as the conventional one, and the BER below the 20% SD-FEC threshold of 2.4 × 10 −2 can be successfully achieved after 10-km SSMF transmission with a negligible power penalty. In numerical simulation, we have successfully demonstrated 100G 4096-QAM-OFDM signal over 2 km SSMF transmission with 10G-class optical components. After 2 km SSMF transmission, the tested BER is under 2.4 × 10 −2 (3.8 × 10 −3 ) when the linewidth of the DML (α = 2.7) is less than 20 MHz (1 MHz), which can be recovered by 20% SD-FEC (7% HD-FEC).
